Burkitt's lymphoma (BL) is an aggressive B cell neoplasm, which is one of the most common neoplasms of childhood. It is highly widespread in East Africa, where it appears in endemic form associated with Epstein-Barr virus (EBV) infection, and around the world in a sporadic form in which EBV infection is much less common. In addition to being the first human neoplasm to be associated with EBV, BL is associated with a characteristic translocation, in which the Ig promoter is translocated to constitutively activate the c-myc oncogene. Although many BLs respond well to chemotherapy, a significant fraction fails to respond to therapy, leading to death. In this article, we demonstrate that EBV-positive BL expresses high levels of activated mitogen-activated protein kinase and reactive oxygen species (ROS), and that ROS directly regulate NF-B activation. EBV-negative BLs exhibit activation of phosphoinositol 3-kinase, but do not have elevated levels of ROS. Elevated reactive oxygen may play a role in diverse forms of viral carcinogenesis in humans, including cancers caused by EBV, hepatitis B, C, and human T cell lymphotropic virus. Our findings imply that inhibition of ROS may be useful in the treatment of EBVinduced neoplasia.
B
urkitt's lymphoma (BL) is a distinct neoplasm of B lymphocytes characterized by a translocation of the Ig heavy-or light-chain promoter and enhancer elements into the c-myc oncogene (1) . This neoplasm is also of historic interest, because a technician who developed infectious mononucleosis became seropositive for Epstein-Barr virus (EBV), thus establishing a role of EBV in both acute infectious mononucleosis and BL (1) . Since the recognition of a causative role of EBV in infectious mononucleosis, EBV has been implicated in other neoplastic disorders, including nasopharyngeal carcinoma, transplantrelated lymphoproliferative disorder, Hodgkins disease, gastric cancer, and cutaneous leiomyosarcoma in patients with AIDS (2) (3) (4) (5) (6) (7) (8) (9) .
BL is characterized by EBV-positive and -negative phenotypes, which occur in distinct epidemiological subgroups. Endemic BL, which was first characterized as a childhood neoplasm in East Africa, is characterized by rapidly growing tumors of the mandible. EBV-positive BL also occurs at a high frequency in iatrogenically immunosuppressed patients as well as patients who are positive for HIV. Although BLs are often highly responsive to conventional chemotherapy, severe preexisting immunosuppression and other comorbid conditions often prevent full use of chemotherapy in these patients (10) .
We have previously hypothesized that tumors that exhibit loss of the tumor suppressor genes p16ink4a and͞or p53 also exhibit distinct and predictable patterns of signal transduction pathway dependence (11, 12) . Based on prior results from our laboratory, we have demonstrated synergy between inactivation of p16ink4a and activation of mitogen-activated protein kinase (MAPK) (13) (14) (15) . Also, we have found that cancers caused by reactive oxygen species (ROS) demonstrate high levels of hypermethylation of the tumor suppressor p16ink4a and activation of MAPK (16) . Last, we have demonstrated that genes that generate reactive oxygen also activate angiogenesis and transform p16ink4a-deficient NIH 3T3 cells (17) . Several groups have demonstrated a high level of hypermethylation of p16ink4a in EBV-positive tumors, including BL, nasopharyngeal carcinoma, and gastric carcinoma (5) (6) (7) (8) (9) . Thus, we predicted that EBV-positive BL would demonstrate high levels of MAPK activation and high levels of ROS compared with EBV-negative BL. In this article, we demonstrate that EBVpositive BL cells use MAPK and ROS as major signaling pathways, and these pathways are not activated in EBVnegative BL. Increased ROS is found in both type I and III latency. Inhibition of reactive oxygen may be of therapeutic benefit in the treatment of EBV-induced neoplasia.
Materials and Methods
Cell Lines. The EBV-positive and -negative cell lines Ramos, Raji, Seraphine, LY91, BL2, BL60, DG75, Akata, and Mutu were grown in RPMI medium 1640 (Sigma) supplemented with 100 units/ml penicillin-streptomycin͞2 mM L-glutamine͞10% FBS. The LG2 lymphoblastoid cell line was provided by Peter Jensen (Department of Pathology, Emory University School of Medicine) and grown in RPMI medium 1640 supplemented with 100 units/ml penicillin-streptomycin͞2 mM L-glutamine͞10% FBS. EREB 2-5 cell line, which was provided by George Bornkamm (Institute for Clinical Molecular Biology and Tumor Genetics, Munich), was grown in RPMI medium 1640 supplemented with 20% FBS͞1 M estrogen. EREB 2-5 cells express EBNA2 directed by an estrogen-inducible promoter (18) . SCC12F͞tet and SCC12F͞tetLMP1 were grown in DMEM supplemented with 100 units/ml penicillin-streptomycin͞2 mM L-glutamine͞ 10% FBS, and 1 g͞ml doxycycline was used to suppress the expression of LMP1 (19) . PD98059 and LY294002 were obtained from Calbiochem, and ebselen was obtained from SigmaAldrich. Cells were treated with 25 M ebselen, 25 M PD98059, or 25 M LY294002 for 24 h before harvesting for protein or RT-PCR.
Western Blotting. Cells were lysed in lysis buffer containing 20 mmol͞liter Tris⅐HCl (pH 7.5), 150 mmol͞liter NaCl, 1% (vol͞ vol) Triton X-100, 10% glycerol, 1 mmol͞liter EDTA, 10 g͞ml leupeptin, 10 g͞ml aprotinin, 1 mmol͞liter benzamidine, 1 mmol͞liter phenylmethylsulfonyl fluoride, and 1 mmol͞liter Na 3 VO 4. Protein concentration was determined by the Bradford assay using BSA as a standard. Samples were treated with Laemmli sample buffer and heated to 90°C for 5 min before SDS͞PAGE (Bio-Rad) and transfer to PVDF membranes. The membranes were then blocked with 5% nonfat dry milk in Tris-buffered saline containing 0.1% Triton X-100 and incubated subsequently with the appropriate Ab for immunoblotting. Polyclonal anti-phospho-MAPK Ab, polyclonal anti-phospho-AKT Ab, and polyclonal anti-phospho-IB␣ Ab were obtained from Cell Signaling Technology (Beverly, MA), and anti-LMP 1 mAb was obtained from DAKO.
Measurement of H2O2. Confluent cells in 100-mm dishes (Ϸ5-6 ϫ 10 6 cells) were washed with 6 ml of Hanks' balanced salt solution (HBSS) and released by using 0.25% trypsin (wt/vol)͞1 mM EDTA, followed by the addition of 5% (vol͞vol) FBS in HBSS. After pelleting, cells were resuspended in 5% (vol͞vol) FBS in HBSS and counted. Dichlorofluorescein (DCF) diacetate was added to a final concentration of 2 M and incubated for 1 h in the dark at room temperature (17) . DCF fluorescence was determined by using 0.5 ϫ 10 6 cells per 3 ml of 5% (vol͞vol) FBS in HBSS with a FACSCalibur (excitation wavelength, 488 nm; emission wavelength, 515-545 nm; Becton Dickinson).
Real Time RT-PCR. Total RNA was isolated with TriReagent (Sigma) according to the manufacturer's instructions. To ensure that no contaminating DNA was present, all samples were incubated for 1 h at room temperature with RNase-free DNase, followed by heat inactivation of the enzyme for 30 min at 75-80°C. cDNA was prepared from 2 g of total RNA by using the Superscript II preamlification system for First-Strand cDNA synthesis (Invitrogen) by using the random-primer protocol.
We used the following primers: VEGF-F, 5Ј-TACCTCCAC-CATGCCAAGTG; VEGF-R, 5Ј-GATGATTCTGCCCTC-CTC; GAPDH-F, 5Ј-GTGGTCTCCTCTGACTTCAACA; and GAPDH-R, 5ЈGCTTGACAAAGTGGTCGTCGTTGAG. Real-time PCR was performed by using SYBR Green technology with the Gene-Amp 5700 sequence-detection system (Applied Biosystems). Briefly, SYBR Green is a passive dye that binds to the minor groove of double stranded DNA complexes (17) . The intensity of fluorescence, which is a direct measure of the amount of amplified product, is measured with each cycle. The threshold at which significant application is first detected is determined, and all samples are evaluated by determining how quickly each sample reaches this threshold. The cycle at which this threshold is achieved is recorded as the Ct value. Data were normalized with primers for a housekeeping gene, GAPDH. A sample with no template was included to ensure the absence of primer-dimer.
Lentiviral Infection of BL Cells with akt Constructs. pLENTI6-DNAkt was created by digesting pMIG-DNAkt with BglII and SalI to release the DNAkt-IRES-GFP cassette and by ligating the cassette to pLenti6͞V5-D-TOPO (Invitrogen) digested with BamHI and XhoI. Lentiviral supernatants were generated by cotransfecting 293T cells with pClAmpho and pLENTI6-DNAkt by using FuGENE 6 transfection reagent (Roche). The lentiviral supernatants were then added to Raji, Ramos, and Seraphine cells in the presence of 10 g͞ml protamine sulfate for 3 h. The resultant cells were then cultured in DMEM with 10% FCS, and after 24 h, 5-10% of the cells were GFP-positive by fluorescence microscopy. At that time, 2 g͞ml blastocydin was added to both infected and parental cells. After 24 h of blasticidin treatment, 100% of both parental and infected cells were dead. The infections were then repeated, and the cells were expanded after infection for 3 days to have sufficient cells to sort for GFP positivity by fluorescence-activated cell sorting (FACS). After 3 days, there were Ͻ1% GFP-positive cells remaining, as detected by fluorescence microscopy.
Results

EBV-Positive BL Cell Lines Show Activation of MAPK Signaling.
Several BL cell lines have been characterized in terms of EBV status and inactivation of p16ink4a and p53 (4). We hypothesized that MAPK is activated in tumors that are deficient in p16ink4a (11) (12) (13) (14) (15) (16) . To test this hypothesis, we assessed the status of MAPK activation in BL cell lines. Fig. 1 shows a strong correlation of EBV status with activation of MAPK. Virtually all EBV-positive cell lines show activation of MAPK, whereas none of the EBV-negative cell lines show activation of MAPK.
EBV-Positive BL Cell Lines Show Elevated Levels of Reactive Oxygen
Compared with EBV-Negative BL Cell Lines. We have previously shown that EBV is associated with high levels of MAPK activation, but we have hypothesized also that these cell lines would exhibit high levels of ROS as well. Examination of EBV-positive and -negative cell lines showed that ROS is associated with EBV positivity (Fig. 2) . Note that both type I latency BL cells, which are associated with absence of the EBV oncoprotein LMP1, and type III latency BL cells, which are associated with LMP1 expression, exhibit high levels of reactive oxygen expression (Fig. 3) . The single outlier to the association of high levels of reactive oxygen and active MAPK expression with EBV status is the BL60 cell line. Of interest, the BL60 cell line, although derived from an EBV-positive BL, lost nearly all EBV expression (18) . Note that no expression of LMP1 is detected in BL60 cells, consistent with BL60 being functionally EBV-negative (Fig. 3) .
EBV Infection Results in Induction of ROS.
The finding that ROS is increased in both type I and III latency suggests that EBV infection may lead to increased ROS. To test this hypothesis, we used the Akata and Mutu cell lines. Akata and Mutu are BL cells derived from patients with EBV-positive BL and represent type I latency (20) . Clones that have lost EBV have been derived from each of these cell lines, and they can be used for comparison. We tested Akata and Mutu clones infected with EBV and compared them with EBV-negative clones of Akata and Mutu. We found that the EBV-positive clones produced significantly higher levels of ROS than the EBV-negative clones, thus demonstrating that EBV infection results in induction of ROS (Fig. 4) .
Type I Latency BL Induces ROS Through Autocrine Production of IL-10.
Type I BL cells express a poly(A)-mRNA (EBER) and EBNA1 nuclear antigen, which is involved in proliferation of BL cells. Recent studies demonstrate a role of EBER mRNA in the activation of several cellular genes, including IL-10 (21). IL-10 has been implicated in the proliferation and immune evasion of several malignancies and, of interest, is strongly expressed in EBV-positive BL. IL-10 has also been implicated in activation of mitochondrial ROS in lupus erythematosus (22) . Therefore, we selected IL-10 as a potential inducer of ROS in type I latency BL. We treated Akata cells with Abs to IL-10, and we found that inactivation of IL-10 led to inhibition of ROS in type I latency BL (Fig. 5) .
Type III Latency BL Induces ROS Through an EBNA2-Dependent Pathway. EBNA2 is a transcription factor that induces transcription of several EBV genes, including the LMP1 oncoprotein (16) . To determine whether genes induced by EBNA2 may be involved in the induction of ROS in type III latency, we used a BL cell line expressing an estrogen-inducible EBNA2 gene. Induction of EBNA2 by estradiol led to induction of LMP1, as well as induction of ROS. Thus, we found that EBNA2 target genes may stimulate ROS in type III latency (Fig. 6 ).
LMP1 Induces ROS.
Of the genes downstream of EBNA2, LMP1 is a likely candidate for induction of ROS, given its strong oncogenic function in multiple cell types (20) . We used a tetracyclineinducible epithelial cell line to determine whether LMP1 induces ROS. LMP1 was expressed in a tet-off system in the human epithelial cell line SCC12F, and it is constitutively activated unless exogenous tetracycline is added to the medium (19) . Addition of tetracycline led to a significant decrease in LMP1 expression, as well as ROS production, thus implicating LMP1 as a major inducer of ROS in type III latency (Fig. 7) .
Ebselen Inhibits Production of ROS in EBV-Positive BL.
Ebselen is a nontoxic selenoorganic antioxidant drug with superoxide dismutase and glutathione peroxidase-like activity (23) (24) (25) . We treated the EBV-positive BL cell line Raji with ebselen at a LMP1 expression in EBV cell lines. Western blot analysis shows expression in EBV-positive cell lines associated with type III latency, whereas lack of LMP1 expression is associated with type I latency. All cell lines are EBV-positive.
Fig. 4. EBV infection results in induction of ROS. EBV-positive and -negative
Akata and Mutu cell lines were tested by flow cytometry for ROS. EBV-infected (ϩ) and EBV-negative (Ϫ) cell lines are indicated. In both cell lines, ROS production was higher in the EBV-positive clones. concentration of 25 M for 16 h, and we observed that ROS production was completely inhibited (data not shown).
Differential Inhibition of NF-B Signaling by Inhibition of PI3 Kinase
Inhibition, MAPK Inhibition, and Reactive Oxygen Inhibition. Treatment of Raji cells with ebselen resulted in increased levels of the NF-B inhibitor IkB, thus suggesting that ROS are a major regulator of NF-B activation in EBV-positive BL cells (Fig. 8) . Interestingly, MAPK was also activated by ebselen treatment, suggesting that a potential inverse relationship exists between reactive oxygen levels and MAPK activation, with antioxidant treatment resulting in increased levels of MAPK activation.
Regulation of VEGF mRNA by Signal Transduction Inhibition. Inhibition of PI3 kinase has been shown to be a major regulator of VEGF synthesis (12, 13) . Treatment of both EBV-positive Raji and EBV-negative Ramos with the PI3 kinase inhibitor LY294002 led to reproducible decreases in VEGF mRNA (Fig. 9) . Discussion EBV is a major cause of human neoplasia, associated with the development of both lymphoid and epithelial malignancy (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . EBV infection is associated with BL, Hodgkins disease, natural killer lymphoma, and transplant-associated lymphoproliferative disease, and EBV-associated lymphoid malignancy is common in individuals immunosuppressed by AIDS, organ transplantation, and congenital immunodeficiency (10, 26) . Treatment of these lymphoid malignancies is compromised by the poor immune status in many of these individuals, because conventional chemotherapy results in further immune compromise. EBV-induced malignancy in the immunocompromised individual is usually fatal either because of progression of disease or treatmentassociated sepsis (10, 26) . EBV infection is also associated with solid epithelial tumors, including gastric carcinoma and nasopharyngeal carcinoma. Like EBV-induced lymphoid malignancy, the prognosis of EBV-induced solid tumors is also guarded.
We found previously that ROS-induced carcinogenesis causes hypermethylation of p16ink4a and activation of MAPK in experimental systems (16) . Whereas acute elevations of ROS may be toxic to primary cells, chronic low levels of ROS cause induction of the angiogenic switch and subsequent tumorigenesis (17) . P16ink4a and other tumor suppressor genes are commonly hypermethylated in other ROS-induced malignancies, including melanoma, squamous cell carcinoma of the head and neck, tobacco-induced lung carcinoma, and chronic inflammationinduced malignancies of the colon and bladder (26) (27) (28) (29) . Of interest, p16ink4a is hypermethylated in a many various EBVinduced tumors, including BL, natural killer lymphoma, nasopharyngeal carcinoma, and gastric carcinoma (5) (6) (7) (8) . Also, EBV gene expression has been shown to induce activation of DNA methyltransferase, a critical component of CpG promoter hypermethylation (30) . These findings led us to inquire whether EBV infection contributes to oxidative carcinogenesis. We found that EBV infection results in increased ROS in lymphoid cells, and this induction occurs through two mechanisms. In type I latency, EBER induces IL-10, and IL-10 induces ROS. In type III latency, the oncoprotein LMP1 induces ROS, as a potential mechanism of tumorigenesis. Inhibition of ROS by the super- Fig. 7 . LMP1 induces ROS in type III latency. The squamous cell carcinoma cell line SCC12F was transfected with an LMP1 expressing vector in a tet-off system. The LMP1 gene is silenced by adding 1 g͞ml doxycyclin to the growth media. We cultured the LMP1-transfected cells for 48 h in the presence and absence of doxycycline. Cells were then harvested and DCF fluorescence was monitored by flow cytometry. SCC12F transfected with a vector control was also tested for ROS production. oxide dismutase mimetic ebselen leads to decreased reactive oxygen signaling and as a downstream event, decreased NF-B signaling. LMP1 has been shown to activate multiple pathways during transformation, including rac, PI3 kinase, and NF-B (31) (32) (33) (34) (35) . This article shows that reactive oxygen is a potential signaling mechanism downstream of LMP1. The induction of NF-B by LMP1 is likely to be the most well studied, and inhibition of NF-B has been shown to abrogate LMP1-mediated transformation (31) . LMP1 is a transmembrane protein that contains two regions in its cytoplasmic tail that are capable of activating NF-B. These regions are known as CTAR1 and CTAR2 (C terminus-activating regions 1 and 2), and deletions of these regions impair the ability of LMP1 to transform cells (31) (32) (33) (34) (35) . The CTAR regions interact with members of the TNF receptor-associated factor (TRAF) families, and this interaction is required for optimal biologic activity of LMP1 (36) . Whereas activation of ROS has not been associated previously with LMP1 signaling, TRAF activation by other ligands has been shown to induce ROS signaling, thus providing a potential mechanism for LMP1 mediated ROS induction (37) . Thus, pharmacologic methods of decreasing NF-B are likely benefit the treatment of EBV-induced neoplasia (31) . In this study, we found that NF-B activation can be inhibited pharmacologically by a superoxide dismutase mimic, ebselen.
Our data suggest that BL can be classified into two distinct disorders based on signaling pathways. EBV-positive BL relies on reactive oxygen and MAPK to regulate downstream events such as NF-B activation. In contrast, EBV-negative BL demonstrates neither MAPK activation nor generation of reactive oxygen to activate NF-B. Further, our data support the concept of recurrent associations of signaling pathways with inactivation of particular tumor suppressor genes (11, 12) . We have shown (16, 38, 39 ) the association of p53 inactivation and PI3 kinase activation in malignant endothelial tumors and, conversely, between p16ink4a inactivation and MAPK activation in melanoma and fibrosarcoma. Here, we extend these findings to BL and suggest that these associations between tumor suppressor inactivation and signal transduction pathway activation may be a common feature of cancer.
We have demonstrated the involvement of reactive oxygen in EBV-mediated signal transduction. Like EBV, cancers caused by hepatitis B, C, and human T cell lymphotropic virus have a high frequency of p16ink4a hypermethylation (40, 41) . Also, viral structural proteins, such as HBX of hepatitis B, HCV NS3, NS5, and human T cell lymphotropic virus tax protein, are known to induce reactive oxygen (42) (43) (44) (45) . Reactive oxygen may play a decisive role in carcinogenesis in potentially most virally induced human cancers, and it may serve as a pharmacologic target for chemoprevention and treatment.
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